Members of the genus Aspergillus are among the filamentous fungal agents frequently causing infections in humans. A. fumigatus is the most commonly isolated fungal pathogen within the genus; however, other species, including A. terreus, A. flavus and A. niger are also of increasing importance. Infections caused by black aspergilli are especially frequent in developing countries with hot, humid, tropical or semitropical climates. Several reports revealed A. niger as the most common causative agent of otomycosis and fungal keratitis in certain geographic regions.
Introduction
Members of Aspergillus section Nigri, commonly known as black aspergilli, are worldwide distributed imperfect filamentous ascomycetes of multiple significance. Black aspergilli are important species in food microbiology as common food spoilage fungi, as microorganisms widely used in the manufacture of fermented food and beverages and as producers of ochratoxin, a mycotoxin occurring in cereal products, coffee, wine, beer and spices, thus posing hazards to human and animal health [1] [2] [3] . Black aspergilli are also used in the biotechnological industry for the production of extracellular enzymes (e.g. lipases and amylases) and organic acids (e.g. gluconic and citric acid) to be used in food processing [4] . Furthermore, black aspergilli are receiving increasing attention as fungal pathogens of humans. Although they are occurring in clinical samples less frequently than A. fumigatus, A. terreus or A. flavus, increasing numbers of infections caused by black aspergilli are reported from tropical and semitropical regions, with otomycosis and keratomycosis being the most frequent diseases among them.
Black aspergilli represent one of the most difficult groups concerning classification and identification. The taxonomy of Aspergillus section Nigri has been studied by many taxonomists and was recently reviewed by Abarca et al. [1] and Samson et al. [4] . Previously, all Aspergillus isolates developing black colonies used to be identified and reported as A. niger. However, the present taxonomy of black aspergilli reveals that there are 19 taxa. An unambigous strain identification would be of special importance in the clinical practice, as the pathogenic potential and antifungal susceptibilities may vary among the closely related, but phylogenetically different black Aspergillus species. This review is summarizing the literature data available about the clinical manifestation, epidemiology and therapeutic possibilities of human infections caused by black aspergilli under tropical and semitropical climates with a special focus on otomycosis, eye infections and onychomycosis, which is followed by an overview of the possibilities for the molecular diagnosis and identification of Aspergillus species from section Nigri.
Black aspergilli in otomycosis
Otomycosis is defined as fungal infection of the external auditory canal. The mycosis is most commonly accompanied by itching of the ear (pruritus); in addition, it can frequently result in discharge from the ear (otorrhoea), pain (otalgia) and inflammation [5] . The main functional signs are partial loss of hearing (hypoacusis) and tinnitus. The physical examination shows superficial epithelial exfoliation with masses of white, grey, black or creamy caseous debris, invading the external auditory meatus, and edema of the ear canal [5, 6] . Strauss and Fine [7] found that the most severe cases of otomycosis with tympanic membrane perforation and middle ear involvement are associated with immunosuppresion; however, Vennewald et al. [8] isolated fungal strains from the middle ear of immunocompetent patients with chronic otitis media, in which A. niger was observed in three out of five cases. Landry and Parkins [9] reported about calcium oxalate crystal deposition within necrotic tissue from the external auditory canal associated with A. niger infection in the case of a diabetic patient with end-stage renal disease.
Otomycosis is a recognized clinical entity in the tropical regions of the world [10] . The incidence of black aspergilli among culture-proven cases of otomycosis varies between different countries (Table 1 [3, 5, 6, 8, ). The generally high incidence of A. niger in the outer ear has been known for a long time and it was suggested to be because of the fact that aspergilli are resistant to the fungistatic action of ear wax (cerumen) [42] . Actually, A. niger was first described as Sterigmatocystis antacustica by Cramer in 1859, who isolated it from a pathological condition in the human ear [43, 44] , but as no type culture is available, its exact identity remains unclear. A. niger was the predominant causal agent of otomycosis in most of the surveys [5, 6, 8, [10] [11] [12] [13] 16, [20] [21] [22] [23] [24] [25] 27, [30] [31] [32] [33] 35, [37] [38] [39] 45, 46] , whereas other Aspergillus spp. such as A. fumigatus [14, 17] , A. flavus [15, 47, 34] and A. terreus [28] predominated in a few studies only. Apart from A. niger, another black Aspergillus species, A. foetidus has also been reported from a case in Japan [28] . A. niger otomycosis may also occur as a mixed infection with Candida species, bacteria and other aspergilli [13, 35] . Interestingly, black aspergilli have not been found in the mycoflora of the external auditory canal of 243 healthy individuals according to a recent study [48] performed in Southern Iran. The epidemiological pattern of A. niger otomycosis varies from country to country, with less-developed countries being most affected. Hot, humid and dusty environments of the tropical and semitropical regions are representing the leading role as a predisposing condition [5, 10, 15, 17, 24] ; however, the problem is also known in countries with temperate climates [35, 38, 39] . The wearing of traditional head cloths such as headscarfs or sikh turbans is associated with the prolonged covering of the ears, which increases the humidity within the ear canal, thus predisposing to otomycosis [10, 20, 25, 27] . Ozcan et al. [5] concluded that the autoinoculation of the ear canal might be possible in the case of concomitant, untreated dermatomycosis, which is a risk factor also for the recurrence of the disease. Other reported predisposing factors included immune insufficiency [5, 12] , prior otological problems [30, 34] , prior topical aural antibiotic or corticoid treatment [10, 15, 20, 30, 47] , regular swimming in natural or artificial pools [10, 15, 27] , scratching and poking of the ear with dirty fingers and contaminated objects such as matchsticks, feathers, pen cover, broom stick, cotton bud [10, 11] , trauma resulting from the above activities [47] , malnutrition [11] , diabetes mellitus [10, 20] and pregnancy [10] .
Generally, all age groups were reported to be affected, but the occurrence seems to be more frequent in the early adulthood [5, 10, 14, 20, 23, 25] . The men-women ratio was varying among the different retrospective studies. Men and women were almost equally affected in certain studies [14, 20, 35] , whereas Fasunla et al. [10] reported a men-women ratio of 2 : 3. A proportion of women above 65% among the affected patients has also been reported in certain studies [5, 22, 23, 27] . The higher proportion of women among the patients in these studies can be explained with cultural practices such as the wearing of traditional head coverings. In contrast, another study [11] involving Nigerian children reported a higher prevalence in men than women, which could be explained by the fact that male children have generally more outdoor activities than their female counterparts.
The treatment of the disease consists of aural toileting and applying antimycotic agents topically or systemically. Topical methods can cover the daily aural dressing with antifungals such as imidazoles [10, 47] , clotrimazole [8] , natamycin or fluconazole [38] , insertion of a wick soaked in econazole or amphotericin B into the external auditory canal [6] , the application of toxic metal compounds such as mercurochrome [12, 20] and thimerosal [31] ; or the usage of boric acid solution in alcohol [5] . Systemic antifungal treatment is also applied occasonally to prevent reinfection and the spread of the disease [47] . The changing of behavior patterns leading to infection can be the part of the treatment as well [15] .
The in-vitro susceptibility tests of A. niger isolates causing otomycosis revealed that resistance was not determined out of 57 strains against amphotericin B and voriconazole, whereas three isolates were resistant to itraconazole [49] . In the case of 22 A. niger strains, the minimum inhibitory concentration (MIC)-2 value (the lowest drug concentration causing 50% inhibition of visible fungal growth) of itraconazole has been found to be 0.125-1 mg/ml, whereas the MIC-0 value (the lowest drug concentration causing 100% inhibition of visible fungal growth) of terbinafine was between 0.06 and 0.5 mg/ml [50] . As a possible alternative of antimycotics, Pai and Platt [51] investigated and proved in an in-vitro study the efficacy of garlic extract against Aspergillus strains. Jain and Agrawal [52] studied in vitro the efficacy of volatile substances such as ammonia, carbon disulphide, petroleum benzene, carbon dioxide, methanol, glacial acetic acid and hydrogen peroxide, and found inhibitory effect on mycelial growth and sporulation of the investigated Aspergillus strains.
Otomycosis usually requires long-term treatment, and the identification of the predisposing factors (social habits, dermatomycosis, immunosuppression and diabetes) is important to prevent the recurrence [5, 10, 27] . In those cases, in which the otomycosis is associated with nasal respiratory insufficiency, the treatment must also be directed towards restoring the physiology of the external auditory canal [34] .
Black aspergilli in keratomycosis
Aspergillus species are frequently involved in human corneal infections [53] . Aspergillus keratitis is commonly occurring among agricultural workers living under hot, humid, tropical or semitropical climates. The main risk factor of the infection is trauma by vegetable matter during agricultural activities, but the prolonged use of corticosteroids, inappropriate use of antibiotics, diabetes mellitus and other ocular diseases are also predisposing to the infection [54] . Wearing of contact lenses may also represent a risk, as it has been demonstrated that A. niger is capable of adhering to the surface of contact lenses with 58% water 10 times more effectively than A. flavus and A. fumigatus, which may be because of the rough conidial surface of this species [55] . On the contrary, the degrees of adhesion and invasion of contact lenses by A. niger may vary significantly according to the characteristics of the specific strains [56] .
At the beginning of the clinical course of the infection, a persistent infiltrate is often present at the site of the superficial injury, which increases gradually in size and density. Without treatment, a full-thickness corneal ulcer can develop, leading to perforation and eventually progressing to endophthalmitis. Early and accurate diagnosis and treatment with appropriate antifungal agents is essential for improving the chances of complete recovery [53] .
Certain Aspergillus species, mainly A. flavus, A. terreus and A. fumigatus have long been regarded as important pathogens in eye infections, especially keratitis [53] . A. niger is also recognized as a keratitis pathogen in an increasing number of cases [57] . Unfortunately, most of the retrospective studies about fungal keratitis report the causative agents at the genus level only, for example, as Aspergillus spp., and only some of them provide details about the occurring aspergilli at the species level. Table 2 [57-68] shows the incidence of black aspergilli among culture-proven cases of keratomycosis. The data presented in Table 2 reflect that fungal keratitis in general is much more frequent in tropical and subtropical countries.
The problem occurs at temperate climates as well, but much less frequently; only 19 cases of fungal keratitis were reported from a Paris hospital during an 8-year period, including two cases with the involvement of A. niger [68] . In India, the prevalence of black aspergilli is different in the northern and southern regions; although they are responsible for about 33-36% of the cases in the northern part of the country [57] [58] [59] , they are much less frequent (3-5%) in South India and Sri Lanka [63] [64] [65] [66] . As a first explanation, one would think about possible differences in the environmental abundance of black aspergilli in North and South India that could be because of the climatic differences. Their more frequent occurrence in the natural environment in North India would be in congruence with the fact, that black aspergilli are also the primary causative agents of otomycosis in this region (Table 1 ) [20, 17] . However, if we take a look at Nigeria, black aspergilli are relatively unfrequent in keratomycoses NA, not available.
[67], but they are still the most important pathogens of otomycosis in the same region of the country (Table 1 ) [12] . This contradiction indicates that factors other than the natural occurrence are also playing a role in the clinical prevalence of black aspergilli. It should be noted here that the isolated black aspergilli are mentioned simply as A. niger in the discussed retrospective studies; however, other species of Aspergillus section Nigri may also be involved in fungal infections of the cornea and these species are hard to differentiate from A. niger on the basis of morphological and cultural characteristics alone (Fig. 1) . We recently applied the sequence analysis of a fragment of the b-tubulin gene to identify seven black aspergilli isolated from keratitis cases in the Aravind Eye Hospital, Coimbatore, South India, and it turned out that only three of them belong to A. niger (Table 3 ; Fig. 1a and e). Two isolates were identified as A. tubingensis ( Fig. 1b and f) [69] , whereas further two belong to A. brasiliensis ( Fig. 1c and g ) [70] , a recently described new species known from soil from Brazil, Australia, USA and the Netherlands, and from grape berries from Portugal [71] . Neither of these two black Aspergillus species have been previously reported from keratitis; furthermore, A. brasiliensis is not yet known as the causative agent of any other human disease. However, on the basis of these recent findings, it can be presumed that these species have been causing infections, but they were just identified and reported as A. niger. Thus, it would be interesting to have molecular identification data about the keratomycosis and otomycosis isolates from North India and Nigeria, which may reveal that the above-mentioned contradiction could be because of the differences in the natural occurence and clinical prevalence of certain specific black Aspergillus species and not those of black aspergilli in general.
Similarly to all kinds of fungal keratitis, the treatment of corneal infections caused by black aspergilli involves both medical and surgical management. The disease is usually treated with topical (natamycin, econazole, itraconazole, clotrimazole or amphotericin B) and systemic (oral ketoconazole) antifungal agents. Unfortunately, there is a lack of information in the literature about the antifungal susceptibilities of Aspergillus isolates to natamycin [53] , but its usual effectiveness as a therapeutic agent suggests that most of the ocular A. niger isolates may be susceptible. The recently reported ocular A. brasiliensis isolates proved also susceptible to natamycin [70] . In-vitro susceptibility testing by the agar dilution method revealed two out of nine ocular A. niger isolates that were resistant to ketoconazole [64] . Ocular isolates of A. niger are generally resistant to fluconazole and susceptible to amphotericin B; however, amphotericin B-resistant isolates have also been reported in the literature [64] . In the case of the patients whose corneal infections do not resolve, surgical interventions such as therapeutic corneal transplantation or therapeutic keratoplasty may be needed (Table 3 ) [53] .
Black aspergilli in endophthalmitis
Aspergillus infections are being increasingly recognized as an important cause of morbidity and blindness [72] . Intraocular infections caused by aspergilli are infrequently reported and mostly occur endogenously, usually, in association with disseminated apergillosis or with intravenous drug abuse [73] . Exogenous A. endophthalmitis is very unusual [74] . A. fumigatus is the most frequent species reported widely in endophthalmitis but A. flavus, A. glaucus, A. terreus, A. ustus and A. niger have also been reported [72] [73] [74] [75] [76] [77] . Endogenous Aspergillus endophthalmitis (EAE) usually has an acute onset of intraocular inflammation and often has characteristic lesion located in the macula [73] . The patients present with blurred vision, eye pain, photophobia, redness, conjuntival chemosis and periocular swelling [78] . Regardless of predisposing or associated systemic condition, the clinical features of EAE are consistent [73] . The typical clinical findings are cells in the anterior chamber and vitreous, keratic precipitates, hypopyon, chorioretinits, perivasculitis and retinal hemorrhages. Involvement of central macula is usual. A confluent, yellowish, macular infiltrate begins in the choroid and subretinal space [73] . Inflammatory exudates may be layered in subhaloid and subretinal space.
Though not specific, these features are consistent enough to suggest EAE [73] . A. niger is rarely reported in endophthalmitis cases [74, [79] [80] [81] [82] . This being a soil fungus, probable exposure to A. niger during garden activities may predispose to the infection. Presence of a functioning filtering bleb may also play a role in the development of endophthalmitis [74] . The presentation of A. niger endophthalmitis is similar to other patients with fungal endophthalmitis [74] . Successful management depends on early diagnosis and treatment before irreversible intraocular injury has occurred [78] . The treatment modalities are administration of systemic antifungal agents and surgical intervention. Intravenous amphotericin B is the treatment of choice in most cases [74] . Additional therapeutic effect may be obtained by adding either 5-flucytosin or rifampin. The other antifungal agents effective against Aspergillus species are ketoconazole, itraconazole and fluconazole. Among these imidazoles, itraconazole is more effective in the treatment of invasive aspergillosis and may also be useful in granulocytophenic patients [78] . Parsplana vitrectomy with intravenous amphotericin B along with or without intravitreal amphotericin B may be used for salvage of vision in Aspergillus endophthalmits. Enucleation is indicated in overwhelming infection with irreversible loss of vision. As Aspergillus endophthalmitis is a part of disseminated aspergillosis, mortality is high among immunocompromised. Survival is better among intravenous drug abusers [78] . Early diagnosis with persistent and sustained antifungal therapy may alone result in extremely favorable outcome.
Other ocular diseases that can be caused by black aspergilli involve conjunctivitis [58, 83] and rare infections of exenterated orbits usually caused by the contiguous spread of the opportunistic organisms from the oropharynx and paranasal sinuses [84] .
Black aspergilli in other infections
Aspergillus species, including representatives of section Nigri, are considered as nondermatophytic moulds, their prevalence in finger nail and toe nail infections is therefore not frequent when related to the total number of culturally proven cases of onychomycosis (Table 4 [ [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] ). However, their proportion within the group of nondermatophytic moulds involved in onychomycosis can be high [85, 91] , and not only in tropical and semitropical regions but also under temperate climates [87, 93] . Among Aspergillus species, A. niger predominated in nail specimens according to a survey performed in New Delhi [96] , and was also encountered in other parts of North India [97] . A. niger was also found to be able to cause subungual onychomycosis in Italy [98] . Predisposing factors reported were contact with soil [89] , peripheral vascular disease, trauma [85, 89] , diabetes mellitus [85] and HIV infection [85, 90] . Furthermore, although black aspergilli are among the rare pathogens of dermatomycosis, it was suggested that long-lasting fungal infection of the ear may act as a reservoire for other fungal infections of the body [5] .
Similarly to other members of the genus, black aspergilli can be involved in secondary aspergillosis in patients suffering from diabetes, drug abuse, alcoholism, severe diseases such as pneumonia, tuberculosis, enterocolitis or patients receiving antibiotic, steroid, cytotoxin or radiation therapy [99] . A. niger has been reported to be able to induce fungal lesions of the maxillary sinus [100] , may cause myceliatomas in the urothelial tract [101] and invasive aspergillosis in immunosuppressed patients [102] . Black aspergilli can cause pulmonary infections [103] , which may result in the creation of aspergilloma (also called fungus ball), balls of matted hyphae that may be present for years and produce oxalic acid, which may lead to renal problems caused by oxalosis [104] or to fatal hemorrhagic pulmonary oxalosis [105] [106] [107] . Xess et al. [96] reported the species prevalence of Aspergillus isolates in various clinical samples collected in New Delhi during a 4-year period, and have found that out of 456 samples that were culture positive for Aspergillus species, 70 (15.35%) revealed A. niger in culture, which was the third most common Aspergillus species after A. flavus and A. fumigatus in the study. According to a recent survey, black aspergilli were found to be responsible for 5 and 8% of invasive aspergillosis cases in the United States among solid organ transplant and hematopoietic stem cell transplant recipients, respectively [102, 108] .
Taxonomic outline and molecular identification of black aspergilli
Species assigned to Aspergillus section Nigri are characterized by conidial heads in shades of black, and include both uniseriate and biseriate species [4, 109] . Black Aspergillus species are difficult to be recognized solely on the basis of their phenotypic characters [110, 111] ( Fig. 1) . Several molecular tools have been applied to distinguish black Aspergillus species. Among these, restriction fragment length polymorphisms (RFLPs) of both nuclear and mitochondrial DNA (mtDNA) have been used successfully to assign isolates to species [112] [113] [114] . Recently, a polyphasic approach has been proposed to delimit species in section Nigri. This approach utilizes multilocus sequence data, including the internal transcribed spacer (ITS) region (ITS regions and the 5.8S rRNA gene) and partial calmodulin and b-tubulin sequences, physiological and morphological features and extrolite profiles. This approach led to the description of several new species, including A. vadensis [115] , A. costaricaensis, A. piperis, A. lacticoffeatus and A. sclerotioniger [116] , A. ibericus [117] , A. brasiliensis [71] , A. uvarum [118] , A. sclerotiicarbonarius and A. aculeatinus [2] . Today, 19 species of black aspergilli are recognized, although work is in progress to describe some more species assigned to this section [4] (Varga et al., unpublished) . Recently, Frisvad et al. [119] have proposed a 'chemophylogeny' for Aspergillus section Nigri on the basis of secondary metabolite profiles of the different species, which is in good agreement with taxonomic and phylogenetic grouping, which is shown in the form of a phylogenetic tree constructed on the basis of calmodulin sequence data ( Fig. 2 [120] ). The 19 recognized species can be grouped into five series as indicated in Fig. 2 . For example, A. carbonarius, A. sclerotioniger, A. ibericus and A. sclerotiicarbonarius in the suggested series Carbonaria have relatively large rough-walled conidia, a relatively low growth rate at 378C, moderate citric acid production and other characters in common and at the same time they belong to the same clade according to b-tubulin, ITS and calmodulin sequence data (Fig. 2) .
Regarding molecular detection of black aspergilli, several approaches have been proposed, some of which are presented in Table 5 ( [4, 71, [112] [113] [114] [115] [116] 118, Candida species from clinical specimens. Further possibilities for the molecular diagnosis of clinically relevant black aspergilli include multiplex PCR based on amplicon melting point analysis, random amplified polymorphic DNA (RAPD) analysis, RFLP analysis, DNA fingerprinting with repetitive DNA sequences, amplification fragment length polymorphism (AFLP) analysis, microsatellite marker analysis, heteroduplex panel analysis and DNA microarrays [149] .
Nowadays, sequence-based identification methods are widely used for species identification. In Aspergillus section Nigri, all species can be distinguished from each other using calmodulin sequence data and all except one could be distinguished using b-tubulin sequence data (A. lacticoffeatus had identical b-tubulin sequences to some A. niger isolates) [71, 116] 
Conclusion
Black aspergilli are not the most frequent human pathogens within the genus Aspergillus; however, under specific climatic conditions, they may be the predominant causative agents of certain types of infections. Otomycosis represents an infection, which is typically caused by black aspergilli under tropical and semitropical climates. In mycotic keratitis, although the primary causative agent within the genus is A. flavus, black aspergilli are the most frequent pathogens in certain geographic regions, for example, in North India. Black aspergilli are also occurring in other diseases such as onychomycosis and invasive aspergillosis.
Most of the reports about the involvement of black aspergilli in different human diseases refer to the isolates simply as A. niger. However, recent studies revealed that other members of Aspergillus section Nigri, for example, A. tubingensis [69, 150] , A. brasiliensis [70] and A. foetidus [28, 150] may also be involved in infections. This suggests that a significant proportion of the clinical black Aspergillus isolates might have been misidentified as A. niger due to the problems of exact identification based on morphological and cultural characteristics alone or due to the previous taxonomic concepts recognizing less species within section Nigri. Exact molecular identification at the species level would be of special importance in the case of black aspergilli isolated from clinical samples, as this could reveal the clinical relevance of further species within Aspergillus section Nigri. Efforts applying molecular biology techniques such as sequence analysis of fragments of the b-tubulin and calmodulin genes may provide exact information about the prevalence of specific black Aspergillus species among the clinical isolates related with certain diseases. Antifungal susceptibility tests should also be performed, including strains from the revised and newly described species of black aspergilli, as the antifungal susceptibilities may vary among the different species [150] .
In conclusion, results of a wide-scale molecular reevaluation of clinical black Aspergillus isolates along with antifungal susceptibility data could provide useful information for the therapy of fungal infections caused by members of Aspergillus section Nigri.
